In a previous study, we showed that the observation of high frequencies of certain inherited disorders in the population of Saguenay Lac Saint Jean (SLSJ) in Quebec can be explained in terms of the variance and the auto-correlation of effective family size (EFS) across generations. Correlated EFS, across generations, allows alleles introduced as a single copy to reach very high frequencies in about 12 generations. Here, we investigate the impact of this same demographic process on allelic association between a disease locus and closely linked neutral markers. We model the fate of a disease allele, introduced as a single copy, and of its surrounding haplotype. We show that the auto-correlation of EFS across generations increases the expected proportion of individuals who carry the ancestral haplotype in the present generation. Thus, the length of a shared haplotype is longer, making this population useful for coarse mapping. But this autocorrelation decreases the estimated value; thus ignoring the auto-correlation in EFS leads to an underestimate of the recombination rate. This result is of importance, since socio-demographic processes such as auto-correlation of EFS across generations have been described in other human populations.
Introduction
Allelic association, the excess frequency of a marker allele, in a sample of chromosomes carrying a disease allele, is the focus of numerous studies in human populations. As explained by Thompson and Neel, 1 the key factor in maintaining significant allelic association is the youth of a disease-causing variant. Many types of estimates of recombination rate, based on allelic association, have been developed. The first were moment estimators, 2,3 based on the Luria-Delbrück method. 4 Subsequently, maximum likelihood methods were developed. [5] [6] [7] [8] [9] [10] Such estimators have been used in various populations, 2, 3, [11] [12] [13] allowing the positional cloning of a disease locus in at least two cases. 14, 15 All these models assume a Wright-Fisher model, usually with a constant population size or an exponentially growing population, but what happens if the assumptions are invalid? In a previous paper, 16 we showed that the high frequencies of inherited disorders in the population of Saguenay-Lac Saint-Jean (SLSJ), Northeastern Quebec, can be explained in terms of the variance of effective family size (EFS), and in terms of the auto-correlation of EFS from one generation to the next. This demographic linkage is thought to exist in other populations as well. [17] [18] [19] [20] In another paper, 21 we showed that the variance in EFS, without the correlation, has almost no impact on the expected level of allelic association. The aim of this paper is, first, to design a model to study the joint impact of high EFS variance and of auto-correlation of EFS across generations on allelic association. We simulate a population with Poisson or geometric distribution of EFS, and given level of auto-correlation of EFS. Then we compute the average level of allelic association of founders' alleles with surrounding markers in a sample of 1000 individuals, as a function of the recombination rate and of the frequency of these founders' alleles in the sample. We also compare our results with the results of simulations on real genealogies of the SLSJ population.
Second, we design a maximum likelihood method for estimating the recombination rate from population data, taking into account the peculiar demographic behaviour of the population. We use data from SLSJ, on a sample of 37 carriers of a disease gene, to show how this method can improve the estimation of recombination rate. We also investigate the impact of the assumed population carrier frequency of the mutant allele on the estimate.
Material and methods
Some of these data and simulation methods have been presented earlier. 16, 21 We recall them briefly here to present the new results in a fashion consistent with those earlier efforts.
Demographic data
The population of SLSJ numbers approximately 300000 inhabitants, descended mostly from early founders, among the first 5000 settlers of Quebec, at the end of the seventeenth century. This implies an overall population growth rate of 1.41 per generation, taking into consideration only the children that remained in SLSJ.
The effective family size (EFS) is the number of locally reproducing children per woman. The general shape of the EFS distribution resembles more a geometric than a Poisson distribution, and EFS is correlated from one generation to the next. 16 For the nineteenth century, this auto-correlation is 0.16, averaged between men and women. We also measured this correlation from eighteenth century individuals in the ascending genealogies and found an even higher correlation of 0.34. EFS distribution and correlation are almost the same for men and women.
Genealogical data
We used the genealogies of 978 individuals from the IREP ascending genealogies database, which contains all genealogical links back to 2631 individuals among the 5000 founders who settled in Nouvelle-France before 1700. 22 These 978 individuals are presumed Alzheimer cases, documented in the IMAGE project by Algène Biotechnologies. We have shown that the fact that they have been recruited as Alzheimer probands should not bias our results, 16 since the genetic contribution of the founders to these individuals is the same as their genetic contribution to a control group of people, not known to be carriers of any diseases.
Genetic data
As in previous work, 21 we used the haplotypic data of Labuda et al 3 on the Pseudovitamin D Deficient Rickets (PDDR). This is a recessive lethal condition, with a carrier frequency of about 1/26 in SLSJ. The haplotypic data consist of frequencies for the variants of a haplotype composed of nine microsatellite loci, adjacent to the locus of PDDR. The global recombination rate of the haplotype (θ = 0.07) is independently known from Généthon linkage studies on CEPH families. 23 The PDDR mutant has recently been cloned, 24, 25 confirming its monophyletic origin in the population and its location on the haplotype given in Labuda et al. 3 Among 37 unrelated carrier chromosomes from SLSJ, 24 represented the same haplotypic variant, three haplotypes were seen twice and seven once each. 3 We consider here twolocus haplotypes made of the disease locus and a given marker locus. 3 We also computed these values for the total haplotype.
Demographic simulations
Using a branching process method, we simulated the genealogies of the population. We started with an initial population of 5000 individuals (2500 women and 2500 men), and let the population grow for 12 generations, with a growth rate λ of 1.41. At each generation t, couples were formed at random. At t = 0, initial values for EFS were drawn from the distribution D(2λ), where D(2λ) is either a Poisson or geometric distribution, with mean 2λ. At each subsequent generation, the EFS of each couple was drawn according to the following distribution:
, where n wi and n mi denote the EFS of the parents of a woman w i and that of the parents of her husband m i , respectively, and α t is a normalisation parameter computed numerically so that growth rate remained equal to λ. The parameter α t compensates the overall increase of EFS in the population that would otherwise occur due to the correlation of this value. The parameter c indicates the strength of the intergeneration dependency. For instance, a value of c = 0 corresponds to a correlation of r = 0, c = 0.4 corresponds to 
Allele dropping
Either on the simulated genealogies or on the real ascending genealogies of the 978 individuals, we adapted the method of allele dropping. Allele dropping 26, 27 simulates the Mendelian transmission of alleles on genealogies. We extended it here to a two-locus haplotype, consisting of a disease locus and a marker locus, with recombination rate θ.
We started the simulations with all founders carrying a different allele at both disease and marker loci. The assumption was straightforward for the disease locus: we assumed that the mutant allele had been introduced by a single founder, thus we treated each founder in turn as the source of the mutant allele in the population.
Regarding the marker locus, the bias introduced by a minimally polymorphic marker would be an underestimation of recombination events. We are dealing, here, however, with nine highly polymorphic markers. Thus, we could assume, following Labuda et al, 3 that all recombination events in the population are detectable. The real situation was therefore equivalent to the approximation that we make here, where all founders carry a different allele at the marker locus.
For each individual of the next generation, we randomly chose one of the two alleles at the disease locus carried by his/ her mother and one of the two carried by his/her father. Then, for each of the two alleles, we drew a random number from the U[0,1] distribution to decide whether recombination occurred between the disease and marker loci.
This model of genetic transmission was propagated, starting from the founders and proceeding along the genealogical paths. All alleles were assumed to be neutral. We have previously shown 27 that lethality has very little influence on changes in allele frequencies for a rare recessive allele.
Allelic association
The result of one simulation consisted of all haplotypes, either ancestral or recombinant, in the final population. To estimate the allelic association, we sampled 1000 individuals in the final population at random, to be consistent with the simulations on the 978 ascending genealogies. For each founder's disease allele, we counted the number of copies (z) of this allele in the sample. Then we calculated the fraction (p f ) of the most frequent haplotype among these z carriers of the founder's allele. We repeated this simulation 1000 times, to compute the empiric expectation of p f conditional on z. Each simulation yielded many (z, p f ) pairs. Each pair with the same z was treated as a separate repetition. The average value p f (z) of p f conditional on z was calculated by averaging over all repetitions of all simulations. Thus, we obtained several repetitions, for any value of z. An average value of p f calculated over too small a number of repetitions would have been meaningless. So we calculated p f (z) only for the value of z for which we had at least 50 repetitions.
Maximum likelihood estimation
Using the data listed in Table 1 , we wanted to estimate the recombination rate θ, for a given value of c. Thus, for input parameters, c, λ and θ, we did repeated simulations. In each simulation, we kept only the haplotypes containing the founder's allele the frequency of which had reached a given target interval in the population. Each simulation yielded, for each of these founder's alleles, the number of carriers of this founder gene (n) in the population, and the number of carriers of the most frequent haplotypes (n f ) among these n carriers.
We then computed the probability of observing the data (x f , x h ) in a sample of size s, drawn from these n carriers. Therefore, unlike the above, where we sampled chromosomes at random in the population, we sampled here from the chromosomes carrying a given founder's disease allele. Let X f and X h be the random variables representing the number of carriers of the most frequent haplotype and the number of different haplotypes in the sample. The probability p xf that X f = x f is given by a hypergeometric distribution:
.
Regarding x h , the conditional probability p xh = P(X h = x h / X f = x f ) of observing exactly (x h -1) haplotypes among the (s -x f ) carriers of other than the most frequent haplotype in the sample was then estimated empirically by doing repeated sampling. The joint distribution of X f and X h was then P xf,xh = P(X f = x f , X h = x h ) = p xf p xh .
Averaging p xf,xh over 1000 replicates gave the estimated joint probability of observing x f and x h in the sample. Then, holding c and λ fixed, this process was repeated for values of θ ranging from 0.001 to 0.12, with a step interval of 0.002. This yielded a maximum likelihood estimate of θ. The confidence interval of the estimates was defined with the classical (max -2) criterion of the log likelihood, as described in Kaplan et al. 6 In all cases, we used the geometric distribution and values of c (strength of inter-generation dependency) ranging from 0.4 to 1.0. In order to assess the effect of the assumed population frequency of mutant allele carriers on the estimate of recombination rate, we computed these likelihood estimates for three different frequency target intervals, 
Results

Allelic association
In the random sample of 1000 individuals in the population, the average fraction p f (z) of most frequent haplotype carriers among the z carriers of a founder's allele decreased with z (Figure 1) , and reached an asymptotic value as z became large. When the geometric distribution was used, association increased with the level of cultural inheritance (c). For example, when θ = 0.07, about 60% of individuals still carried the ancestral haplotype when c = 1 (r = 0.32), this number fell to 45% when c = r = 0. In the Poisson case, the c parameter had very limited impact. The results of the real ascending genealogies were similar to the result obtained with the simulated geometric distribution and r = 0.32. Although p f (z) declined more slowly with z for the real genealogies than for the simulated geometric distribution, with r = 0.32, a similar asymptotic value was reached.
Estimation of recombination rate using real data Estimation, using the real haplotypic data (Table 1) , of the recombination rate of the haplotype surrounding the disease locus was clearly affected by the value chosen for the c parameter. The estimator θ increased with c ( Figure 2 ). The increase was rather large, sometimes reaching 1.5 cM. This effect held for the estimated recombination rate of the disease locus with each surrounding marker (see Table 2 ). The assumed carrier frequency of the mutant allele in the population also had an impact; the higher the estimated carrier frequency, the lower the estimator θ. This bias was also high, approximately 0.5 cM. The confidence interval was always wide (more than 8 cM for the total haplotype with c = 1) and it increased with c (see Table 2 ).
Discussion
Impact on allelic association Figure 1 Fraction p f (z) of carriers of the most frequent haplotype among the carriers of a given founder's allele against the number of carriers (z) of this allele in a sample of 1000 individuals. Results are given for Poisson and geometric distribution and various level of cultural inheritance (c), and a recombination rate of 0.07. More points are shown when c increases, because it becomes easier to reach a given value of z. Results for the allele dropping method on the sample of genealogies of 978 individuals are also given (upper curve). Allelic association increased with c, and results are similar between the geometric distribution with high level of correlation and the allele dropping. 16 The estimated value increased with c, whereas it decreased with the target frequency of carriers.
Table 2
Impact of the c parameter on the maximum likelihood estimator of the recombination rate , for the actual data, and on its confidence interval, using both number of non-recombinant haplotypes xf and number of different haplotypes xh. The results are given for the recombination rate of the whole haplotype and for that of the disease locus with the different surrounding markers, using the values given in Table 1 . In all cases, a geometric distribution of EFS was used, with a target range for the frequency of carriers of mutant allele of [1/30, 1/20] This study confirms that specific socio-demographic behaviour can have a strong impact on the genetics of human populations. We have shown that variance of EFS and correlation between generations together influence the level of allelic association, just as they have been shown to affect the frequency of initially rare variants. 16 The similarity between the results of our simulated populations and the real genealogies is good evidence of the validity of our method, which can thus be used in populations where genealogies are unknown. Our first result is that the cultural inheritance (c) of EFS increases allelic association rather strongly (see Figure 1) . Our results can be related to previous results, in a population with no correlation of EFS between generations. 21 For a given range of carrier frequency in the present population, an increase of population growth rate (λ) yields an increase of allelic association. Our explanation is that for low values of λ, the founder's allele can never reach a high carrier frequency, unless it has increased strongly during the stochastic growth that occurs during the first few generations. In this case, the coalescent tree of the chromosomes carrying the allele is starlike. 28 Thus, the total size of this coalescent tree is larger, more recombination events occur, and the decay of allelic association is stronger.
Here, an increase in c has the same impact as an increase in λ in the previous study, in the sense that an increase in c yields an increase of the growth rate of the number of copies of the few founder's alleles that succeed by chance in the process. Thus a high number of copies of the allele is reached with a smaller coalescent tree.
Estimating recombination rate
Because the maximum likelihood estimate (θ) of the recombination rate (θ) increases with c, not taking into account the level of cultural inheritance would yield an underestimate of the recombination rate. With a c value of 1, the estimate of θ is closer to the Généthon estimate of 7 cM for the haplotype than when lower values are used. It is even closer to the genemap estimate of 5.9 cM (http://www.ncbi.nlm.nih.gov/ genemap/map.cgi). Thus, though one might suspect large errors to occur for estimates based either on familial or population studies, the result seem reasonably consistent in both cases. This c value of 1 (r = 0.32) is realistic, both in terms of demography and of changes in carrier frequency inferred in our population. 16 A more elaborate statistical study will be needed in the future to evaluate possible biases of this maximum likelihood estimate. An increase of c yields an increase of the confidence interval around the estimator. Since a higher c value relaxes the constraints on the shape of the coalescent tree, more topologies are probable. The increase of both the length of the shared haplotype and the size of the confidence interval makes SLSJ unpractical for fine mapping. On the other hand, it makes it more suitable for broad scale mapping, since allelic association can be expected on a wider scale. Thus, this population becomes particularly interesting for genome screening of disease genes. This result is of great interest in the current debate on the most useful populations, as well as on the number of necessary markers loci, for such kinds of study. [29] [30] [31] [32] This study has shown that it is important to take demographic factors into account when estimating a genetic parameter like recombination rate. It adds another nuisance parameter (and not the least) to those already described by Terwilliger et al. 33 As we have already pointed out, crossgenerational correlation of EFS is not unique to the SLSJ population. [17] [18] [19] [20] If no demographic data are available for the population under study, it would be useful to design a method to infer both recombination rate and demographic parameters from genetic data. On the other hand, if demographic data are available, it is important to integrate them into the estimation method for recombination rate, as we have done here. Currently, disequilibrium estimation methods are being applied to monogenic and oligogenic diseases, and application to complex diseases 34, 35 is being considered. Allelic association can also be used as a 'genetic clock' to infer the time of foundation of a population. 36 Such estimates will also be affected by cultural inheritance of EFS. We must keep in mind that various elements in the socio-demographic history of human populations can affect genetic processes strongly, and that those elements need to be factored into estimation procedures.
